with those of steady hot spots for which spectroradiometry was possible. There was no evidence of any reaction without heating. 7. Angular-dispersive x-ray patterns were obtained at Stanford Synchrotron Radiation Laboratory beamline 10-2, using image plates with 17.038-keV monochromatic radiation. The patterns were analyzed as described by J. H. Nguyen and R. Jeanloz [Rev. Sci. Instrum. 64, 3456 (1993) ]. The diffraction rings ascribed to diamond were narrow and uniform in intensity, indicating a randomly oriented polycrystalline reaction product and not diffraction from the single-crystal diamond anvils or chips coming off the anvils (which would instead yield individual diffraction spots or spotty diffraction rings). Additionally, there was no evidence after the experiments of any damage to the diamond anvils that could account for the evidence that diamond was present within the reacted samples. 8. Alkenes and alkynes, containing doubly and triply bonded carbons, are characterized by C-H stretching frequencies shifted upward by ϳ100 to 200 cm
Ϫ1
and another ϳ200 to 300 cm Ϫ1 relative to those of singly bonded alkanes and CH 4 [D. C. Harris and M. D. Bertolucci, Symmetry and Spectroscopy (Dover Publications, New York, 1978) ]. The vibrational frequencies depend on the types of bonds present and on the size and orientation of the molecule. The broad absorption band observed after reaction is therefore best interpreted as a superposition of bands from a mixture of differently sized and bonded hydrocarbons. 9. It is possible that hydrogen was present, but our Raman data near the H 2 vibrational mode at ϳ4250 cm Ϫ1 [P. Loubeyre et al., Nature 383, 702 (1996)] were consistently too noisy to allow a definitive identification. Molecular hydrogen (H 2 ) exhibits no first-order infrared absorbtion, and free atomic hydrogen (H) has neither an infrared nor a Raman signature. 10. L. R. Benedetti and R. Jeanloz, in preparation. An x-ray beam collimated to a diameter of 20 m was used to collect spatially resolved x-ray diffraction patterns at National Synchrotron Light Source beamline X17c. Energy dispersive patterns collected at 2 ϭ 10°d ocumented an expanded unit cell for the part of the rhenium gasket adjacent to reaction products, and not for the part of the gasket next to unheated portions of the sample or in regions away from the sample. The observed shifts in lattice parameters, amounting to an expansion of as much as 2.6% (Ϯ0.2%), are characteristic of rhenium hydride formation, with values of x up to 0.18 in ReH x (20) . Also, although iron hydride is formed more easily under pressure than is rhenium hydride (20, If the process we observed is similar, then as hydrogen diffuses into the gasket, less hydrogen is available to sustain the diamond-forming reaction that we observed. 12. In addition to diamond, as described in the text, Raman spectroscopy of the opaque reaction product indicates the presence of varying amounts of another carbon phase that we infer to be amorphous carbon because it produces no identifiable x-ray diffraction lines. 13. Sample regions with more ruby appeared to form more reaction products, which suggests that the ruby used for pressure calibration may provide nucleation sites. Also, Raman spectra of recovered material outside the diamond anvil cell indicate that the carbonaceous (opaque) reaction product was generally attached to ruby grains. Thin compressive layers within a laminar ceramic arrest large cracks (surface and internal) and produce a threshold strength. This phenomenon increases the damage tolerance of ceramics and will allow engineers to design reliable ceramic components for structural applications. The stress intensity factor derived for a crack sandwiched between two compressive layers suggests that the threshold strength is proportional to the residual compressive stress and the thickness of the compressive layer and is inversely proportional to the distance between the compressive layers. Laminates composed of thick alumina layers (605 Ϯ 11 micrometers) and thin mullite/alumina compressive layers (37 Ϯ 1.4 micrometers) fabricated for this study had a threshold strength of 482 Ϯ 20 megapascals, in fair agreement with the theory.
The strength of brittle materials, including ceramics and glasses, must be described by statistical parameters (such as those of Weibull) because they contain an unknown variety of cracks and cracklike flaws that are inadvertently introduced during processing and surface machining (1, 2) . Typical flaws found at fracture origins include large voids produced by organic inclusions (such as a human hair) and inorganic inclusions (such as a dust particle or agglomerated particles). These flaws originate in the ceramic powders used to make the components. Failure from these types of flaws is generally not an issue in ductile materials, such as metals, because they exhibit plastic deformation that desensitizes the relation between small flaws and strength. Plastic deformation also absorbs work from the loading system to increase the metal's resistance to the extension of large cracks. However, the lack of plastic deformation causes the strength of ceramics to be inversely dependent on the size of very small cracks, which generally cannot be detected except by failure itself. For this reason, a specific ceramic component could exhibit a high probability of failure. (4, 5) .
Although others (6 -9) have shown that residual compressive surface stresses will hinder the growth of surface cracks, Green et al. (10) have recently proposed that the compressive stress should be located at a specific distance beneath the surface. They suggest that the compressive stress will arrest surface cracks and result in higher failure stresses and reduced strength variability. However, compressive stresses, either at or just beneath the surface, will not effectively hinder internal cracks and flaws, nor can they produce a threshold strength. As discussed below, a threshold strength can only arise when thin compressive layers are placed throughout the body to interact with surface cracks and internal cracks and flaws.
A biaxial compressive stress arises within alternate layers of thickness t 1 , either surface or internal, when they are compressed in relation to a second set of alternate layers of thickness t 2 . A biaxial compressive strain mismatch ε arises when the t 1 layers either have a lower thermal expansion coefficient, undergo a volume increase due to a crystallographic phase transformation, or increase their molar volume because of a chemical reaction. For a laminated plate composed of compressive layers t 1 , alternated between tensile layers t 2 , the biaxial stresses in both layers are given by (11)
where
, E is Young's modulus, and is Poisson's ratio. Inspection of the two relations shows that thin compressive layers are desired because when t 1 /t 2 3 0, the compressive stress is maximized and the tensile stress diminishes to zero in the thicker layers.
The hypothesis that multiple thin compressive layers could result in a threshold strength had its genesis in experiments conducted to further understand crack bifurcation, that is, the 90°change in the direction of a crack as it enters and extends along the center line of a compressive layer (12, 13) . In these experiments, a crack was observed to initiate and arrest between two compressive layers. This observation initiated a fracture mechanics analysis to determine the conditions for crack arrest and subsequent failure, and experiments to test the analysis.
The analysis assumes that a preexisting crack of length 2a spans the thick layer t 2 , sandwiched by the compressive thin layers of thickness t 1 , as shown on the left side of Fig. 1 . The magnitude of the biaxial residual compressive stress within the thin layers is given by c , and the opposing residual tensile stress within the thick layer is given by t . The analysis determines the stress intensity factor for a crack of length 2a when it extends into the compressive layers (t 2 Յ 2a Յ t 2 ϩ 2t 1 ), under an applied stress a that is parallel to the layers. The stress intensity factor is used to determine the applied stress, thr , needed to extend the crack through the compressive layers to produce catastrophic failure.
The stress intensity factor K is determined by superimposing the two stress fields shown on the right side of Fig. 1 , each applied to the same slit crack of length 2a and each with its own known stress intensity factor. The first is a tensile stress of magnitude a Ϫ c applied to a cracked specimen that does not contain residual stresses. The stress intensity factor for this stress is given by the first term on the right-hand side of Eq. 2A. The second is a tensile stress of magnitude c ϩ t , which is only applied across the thick layer (the portion of crack defined by t 2 ). Its stress intensity factor is given by the second term on the right side of Eq. 2A (14) . The two superimposed stress fields sum to that shown on the left side of Fig. 1 . The stress intensity factor for the two superimposed stress fields is thus given by
Substituting t ϭ c t 1 /t 2 (from Eq. 1) and rearranging, one can better express the physical significance of the compressive layers as
The first term in Eq. 2B is the well-known stress intensity factor for a slit crack in an applied tensile field. The second term is always negative and therefore reduces the stress intensity factor when the crack extends into the compressive layers. Thus, the compressive layers increase the material's resistance to crack extension. Because K decreases as the crack extends into the compressive layers, the maximum stress needed to cause the crack to "break" through the compressive layers occurs when 2a ϭ t 2 ϩ 2t 1 and K ϭ K c , the critical stress intensity factor of the thin-layer material, a Fig. 1 . Schematic representation of the superimposed stress fields used to determine the stress intensity factor of the arrested crack. The left side shows a laminar ceramic composed of thin layers t 1 subject to residual compressive stresses c and thick layers t 2 subject to tensile stresses t , all of which were subjected to an applied tensile stress a . This laminate contains a slit crack of length 2a that extends into the compressive layers. The stresses shown on the left can be produced by the superposition of the two stress states shown on the right. property that describes its intrinsic resistance to crack extension. Substituting these values into Eq. 2B and rearranging, one determines the largest stress needed to extend the crack through the compressive layers by
Equation 3 shows that thr increases with the fracture toughness of the thin-layer material K c , the magnitude of the compressive stress c , and the thickness of the compressive layer t 1 . One can also show that if the initial crack length in the thick layer is less than t 2 and the stress needed to extend it is less than thr , the crack will be arrested by the compressive layers. However, if the crack is very small and extends at a stress that is greater than thr , it will extend though the compressive layers to cause catastrophic failure without being arrested. Thus, Eq. 3 defines a threshold stress thr , below which the laminar body cannot fail when the tensile stress is applied parallel to the layers. This prediction has important implications. It allows an engineer to design structural components with the knowledge that the component will not fail below the threshold stress.
To test Eq. 3, we fabricated laminar plates that were composed of alternating layers of Al 2 O 3 (605 Ϯ 11 m in thickness) and alternating layers of a mixture of 85 volume % mullite and 15 volume % Al 2 O 3 (85 M) (37 Ϯ 1.4 m in thickness); these plate were fabricated with a sequential slip-casting technique described elsewhere (15) . Monolithic Al 2 O 3 plates, without the compressive layers, were also fabricated, and all of the plates were densified by heating at 1550°C for 2 hours to achieve a relative density of Ն0.99. We estimated the residual compression within the thin 85 M layers, caused by differential thermal contraction during cooling to room temperature, to be 1.174 GPa by using the properties reported elsewhere (11, 12, 16, 17) . This value was verified to be 1.181 Ϯ 0.004 GPa by piezospectroscopic measurements, in which the stress-induced shift in the fluorescence spectra of trace Cr 3ϩ impurities in alumina was used to measure residual stress (18) . Flexural bars were cut from the plates, and one of the lateral surfaces was polished to facilitate the introduction of a Vickers indenter crack into either the central Al 2 O 3 layer of each laminar specimen or into the center of the bar for the monolithic Al 2 O 3 specimens.
In order to establish the invariance of the threshold strength with flaw size, specimens were precracked with indenter loads of 0.2, 2.5, and 5 kg. The lengths of the precracks were measured with selected specimens by making cellulose acetate replicas of the polished surfaces while they were under load (the stress was 125 MPa, well below the loads needed to initiate crack extension). The replica technique revealed precrack lengths of approximately 13, 193 , and 470 m, for the respective indenter loads. All of the specimens were tested in four-point flexural loading so that the indentation precrack was on the tensile surface and perpendicular to the direction of the applied tensile stress (see inset in Fig. 2 ). For several specimens, the load was removed after the indentation crack was observed to propagate and arrest at the bounding compressive layers. This initial crack extension and arrest occurred at stresses ranging from Ϸ150 MPa for the larger indentation cracks to Ϸ400 MPa for the smallest ones. Inspection with a scanning electron microscope revealed that the crack always arrested at or near the interface between the thick Al 2 O 3 layer and the thin 85 M compressive layer. These specimens were then reloaded to failure to become part of the collective data. Figure 2 shows that the failure stress of the laminates was relatively independent of the initial flaw size, and as expected, the strength of the monolithic alumina without the compressive layers was strongly dependent on the size of the indentation cracks. The range of threshold strength values was estimated to be between 363 to 394 MPa by substituting into Eq. 3 the value of the residual compression c , the average values of t 1 and t 2 , and the range of K c values reported for mullite (2 to 3 MPa m 1/2 ) (19). This range is lower but in fair agreement with the measured threshold strength of 482 Ϯ 20 MPa reported in Fig. 2 . Figure 3 shows a typical fracture surface of a laminar specimen. The markings on the fracture surface of the central alumina layer show that the precrack extended halfway down the central layer and arrested near the central axis of the flexural specimen, where the applied tensile stress diminishes to zero. Steps were produced when fracture progressed across the tensile surface into the other layers. These steps show that each compressive layer produced a limited amount of bifurcation (12, 13) as fracture proceeded across the specimen, layer by layer. With the exclusion of the center layer that contained the arrested crack, radiant markings (see arrows in Fig. 3 ) at the top corner (facing the center layer) showed that a new crack initiated in each layer during catastrophic fracture. The observation that catastrophic failure occurred by the reinitiation of a crack in each sequential layer shows that the crack did not fully propagate across the thin compressive layer as assumed for the stress intensity relation (Eq. 2B).
Our studies show that a ceramic laminate that contains thin compressive layers can be designed to have a threshold strength when a tensile stress is applied parallel to the layers, that is, a strength below which failure will not occur despite the presence of very large cracks. It is expected that the magnitude of the threshold strength will be proportional to the magnitude of the compressive stress and inversely proportional to the distance between the thin compressive layers (the thickness of the thick layers). Much larger threshold strengths are expected by reducing the thickness of the thick layers while maintaining the small thickness ratio of the two layers (that is, as t 1 /t 2 3 0). A theoretical analysis indicates that the layer thickness can be chosen to optimize the threshold stress in terms of material parameters (20) . It is also expected that if a crack were introduced (for example, by an impact) to span one of the compressive layers, the threshold strength will be lower and defined by the distance between the next set of compressive layers.
In deriving Eq. 3, we assumed that the
Precrack
Reinitiation Sites 1 mm arrested crack fully extends through the compressive layer in a straight path, whereas experimentally the crack is observed to bifurcate. Fracture in subsequent layers is reinitiated by a new crack and not by the original crack. Therefore, despite the fair agreement of the predicted and measured threshold strengths, it is still not certain that Eq. 3 accurately estimates the value of the threshold strength. Further experiments will be needed to fully understand this important phenomenon. In addition, the effect of the elastic moduli of the two materials, not considered here, is under consideration. However, it is expected that the phenomenon described here can be applied to other brittle materials, including glasses, many polymers, and some metals.
